Introduction
It is well known that the radar cross section (RCS) of antennas for out-of-band frequencies can be significantly reduced by placing the periodic resistive surface or suitably shaped band-pass radome [1] , [2] . Recently, metamaterials which have been designed and used as the reflected or radiated ground for a composition of antenna have been proposed in RCS reduction. As an effective method, the electromagnetic band-gap (EBG) loaded on ridged waveguide slot antenna array has been investigated to reduce RCS over a wide frequency range [3] . Moreover, as application of principle of passive cancellation for electromagnetic (EM) wave, the artificial magnetic conductor (AMC) and perfect electric conductor (PEC) surfaces or two AMCs were combined together for RCS reduction of waveguide slot antenna [4] . Then, two AMCs with different metamaterial structures were theoretically analyzed and easily implemented using the common printed circuit board fabrication methods for ultra-thin and broadband radar absorber material design [1] , [5] [6] [7] . Nevertheless, in those cases, the RCS is reduced in boresight direction but increased in other directions.
Perfect metamaterial absorber (PMA) with ultrathin structure and near-unity absorptivity was firstly proposed and demonstrated by Landy et. al. in [8] , which has become an important aspect in the research of metamaterials. Later, to achieve the polarization-insensitive, wide incident angle, broadband and multi-band absorption, many researchers made lots of efforts on the PMAs [9] [10] [11] [12] [13] . In 2013, a perfect metamaterial absorber with wide-angle absorption and polarization-insensitive was presented for in-band RCS reduction of waveguide slot antenna in [14] . The maximum absorptivity of 99.8% and a full width at half maximum (FWHM) of 220 MHz could be achieved for the absorber. The broadband absorbers with different structures had been proposed based on the three layers structure in our papers [15] [16] [17] . On these bases, a novel three-layer metamaterial is proposed and applied to ultra-broad band RCS reduction of the waveguide slot antenna according to its surface current distribution. The ultra-broad band RCS reduction performance has been carefully investigated by taking the radiating performance into consideration. Measured results show that the proposed antenna performs ultra-broad band RCS reduction from 4.72 GHz to 18 GHz. Details of the proposed antenna design and both theoretical and experimental results are presented in this paper.
Design and Analysis
The unit cell and its detailed optimum dimensions of the three-layer metamaterial are shown in Fig. 1(a) . The metamaterial is composed of a metallic orthogonal double split-ring resonators (ODSRs) and metal ground plane separated by three lossy dielectric substrates. The metallic orthogonal double split-ring resonator-1 (ODSR-1), orthogonal double split-ring resonator-2 (ODSR-2) and a metal ground plane without patterning are etched on underside of three substrates respectively. The metal is copper with the conductivity of 5.8 × 10 7 S/m and the thickness is 0.036 mm. Modified_epoxy is used as the substrate with the relative permittivity of 4.2 and the loss tangent of 0.02. The proposed metamaterial performs the perfect absorption due to the three common lossy substrates on one hand. It is the components of the EM wave, the reflected wave from different layers and the multi-refracted wave that superpose and counteract in working frequency on the other hand.
The absorption mechanism can be descripted by the illustration of simplified interference model [13] . The electromagnetic (EM) wave would be gradually absorbed by dielectric losses and superposed and counteracted according to the EM interference effect. In more direct perspective, the absorption is defined as A = 1 -T -R = 1 -|S 11 | 2 -|S 21 | 2 . To maximize absorption (A), we can minimize the reflection (R, R = |S 11 bottom layer substrate. Then A can be simplified by A = 1 -R = 1 -|S 11 | 2 . It is obvious that the absorption is near 100% when the reflection is close to zero. The simulated absorption and reflection results are given in Fig. 1 To reduce RCS of the common waveguide slot antenna (common antenna), the three-layer metamaterial has been loaded on the antenna according to surface current distributions at 5.65 GHz. From Fig. 2(b) , the common antenna ground has been divided into the strong current area which is on the edge of the ground and the weak current area at the center of the ground and covered by a circle with radius of 17 mm. The metal circular surface with strong current is retained to avoid the radiation deterioration, and the metamaterials are only loaded on the weak current area for RCS reduction [15] . The metamaterial array is used as the ground of waveguide slot antenna as shown in Fig. 3 . The element of "0" and their array are shown in Fig. 3(a) . The novel waveguide slot antenna with metamaterial array given in Fig. 3(b) are designed, fabricated and measured in our paper. 
Simulation and Comparison
The RCS of the common antenna and the antenna with metamaterial array were simulated and optimized using HFSS 14.0. Simulated results of radiating characters for common antenna and the antenna with metamaterials are illustrated in Fig. 4 and 5. From Fig. 4 , it can be seen that the slightly better match and wider bandwidth are performed for waveguide slot antenna with metamaterials. Simulated impedance bandwidth is from 5.58 GHz to 5.82 GHz with S 11 < -10 dB for the proposed antenna and from 5.48 GHz to 5.86 GHz for the common antenna. The slight difference between the common antenna and the antenna with metamaterial array is attributed to the coupling effects between the metamaterial array and the slot of the antenna. Simulated radiation patterns of the antenna with metamaterial array and the common antenna at 5.65 GHz are given in Fig. 5 . From Tab. 1 and Fig. 5 , the beamwidth of E and H plane for the common antenna is 156 and 62 deg and that for metamaterial antenna is 80 and 57 deg. The gain of the common and proposed antenna is 6.06 and 8.27 dBi. It is clear that the gain improvement is obtained for metamaterial antenna and the 3-dB beam widths of E-plane and H-plane are decreased at 5.65 GHz. The gain enhancement is resulted from the additional radiation components fed with metamaterial and coupling effect between slot and the period metamaterials structure. This phenomenon can be explained by the surface current dis- E, x-polar, common antenna E, co-polar, common antenna E, x-polar, antenna with metamaterials E, co-polar, antenna with metamaterials tributions as shown in Fig. 2(b) and Fig. 6 . From Fig. 2 , the surface current density on the edge of common antenna is weak and the strong surface current density is fastened on the center of the slot. From Fig. 6 , the strong surface current density is not only on the center of the slot but also on the metallic orthogonal double split-ring resonators. Compared with the common waveguide slot antenna, the surface current density of antenna with metamaterials is enhanced due to the coupling effect between the slot and the period structure. From Fig. 5 (a) and 5(b), the gain is enhanced and the 3-dB beam widths of E-plane and H-plane are decreased at 5.65 GHz. Meanwhile, it is necessary to point out that the cross-polarization components of the antenna with metamaterial array are increased for the antenna with metamaterials owing to the coupling effects between the metamaterial array and the slot.
From Fig. 7 , it is clear that the antenna with metamaterials exhibits ultra-wide band monostatic radar cross section (MRCS) reduction from 4.35 GHz to 18 GHz for xpolarized incidence and from 4.22 GHz to 18 GHz for ypolarized incidence, which is attributed to the broadband absorption for the three-layer metamaterial. There is a good match between the absorption bandwidth in Fig. 1(b) and the RCS reduction in Fig. 7 . We note that the slight difference of ultra-wide band RCS reduction for x-polarized and y-polarized incidences is contributed to the polarization of the waveguide slot antenna and the asymmetry of antenna geometry.
Fabrication and Measurement
The feasibility of the proposed antenna with the metamaterial array is demonstrated in this section. The prototypes of common and metamaterial antenna have been fabricated using a common printed circuit board method on the Modified_epoxy substrates with thicknesses of 1 mm and 1.5 mm and they are illustrated intuitively in Fig. 8 . A vector network analyzer (Agilent N5230C) and two linearly polarized standard-gain horn antennas, which cover 1~18 GHz, were used to transmit and receive the EM waves for measurement. The prototypes were placed vertically at the center of a turntable to ensure that the EM wave could be similar to a plane wave on the front of prototype [18] , [19] . The distance between two horn antennas and prototypes under test satisfied the far-field condition.
The measured results show that the novel antenna with metamaterial array achieves 5.8% (5.49 GHz to 5.82 GHz) and common antenna obtains 4.8% (5.54 GHz to 5.81 GHz) of impedance bandwidth. The experimental impedance bandwidth has slightly shifted due to the fabricated and experimental tolerance. The experimental radiation patterns of E-and H-planes are shown in Fig. 9 . The 3-dB beam width is suppressed from 142 deg for common The comparison of the proposed waveguide slot antenna with metamaterials and other antennas in references [5] , [14] , [18] are given in Tab. 2. It is obvious that the gain of the proposed antenna and the gain of the antennas in references [5] , [18] are improved compared with the common waveguide slot antenna. Furthermore, the bandwidth of RCS reduction of 5 dB for the proposed antenna is the broadest of all. Moreover, the proposed antenna with metamaterial array performs ultra-broad band absorption and gain-enhancement. Ref. [5] 12.2% +3.2 4.8~6.8 (RCSR>5dB)
Ref. [14] 3.5% -0.6 5.5~6.2 (RCSR>5dB)
Ref. [18] 7% +1.7 6.4~7.8 (RCSR>5dB)
Tab. 2. Comparison of the proposed waveguide slot antenna
with metamaterial and other antennas in references [5] , [14] , [18] ("+" means increase and "-" means decrease).
Conclusion
In this paper, an ultra-wide band RCS reduction is obtained by loading three-layer metamaterial on the common waveguide slot antenna. The metamaterials with broadband absorption are only loaded on the weak current area for RCS reduction and metal circular surface with strong current density is retained to avoid radiation deterioration. Simulated and measured results show that the proposed metamaterial waveguide slot antenna with the metamaterial array performs ultra-wide band RCS reduction not only for x-polarized incidence but also for y-polarized incident waves. Due to the remarkable merits of ultra wideband RCS reduction, the proposed antenna shows a potential use for the wireless military communication.
